Inoculation experiments with the endophytic bacterium Azospirillum sp. strain B510, an isolate from surface-sterilized stems of field-grown rice, were conducted in pots in a greenhouse, and in paddy fields in Hokkaido, Japan. B510 significantly enhanced the growth of newly generated leaves and shoot biomass under greenhouse conditions. When rice seedlings were treated with 1×10 8 CFU ml −1 , then transplanted to paddy fields, tiller numbers and seed yield significantly increased. Azospirillum sp. strain B510 is a promising bacterial inoculant for plant growth promotion and agricultural practices.
Various microorganisms including fungi and bacteria have been found in the phytosphere (11, 15) . Among rhizobacteria associating with root surfaces, plant growth-promoting rhizobacteria (PGPR), which have beneficial effects such as increasing crop yield, have been well characterized from both a scientific and a practical point of view. Azospirillum, one of well-studied genus of PGPR, are nitrogen-fixing rhizobacteria found in close association with plant roots and stems (4, 12) . Plant growth-promoting effects of some Azospirillum strains as well as other PGPRs have been investigated in several plant species. Wheat plants treated with A. brasilense Sp245 exhibited reduced root length, increased root hair formation, and increased aboveground biomass and ear numbers, however, a mutant strain lacking indoleacetic acid (IAA) productivity failed to promote the growth of host plants (17) , suggesting that the effect on plant growth is due to IAA produced by A. brasilense Sp245. In maize, the inoculation of seeds with the PGPR, rhizobacterium Azospirillum lipoferum CRT1, induced changes of root morphology, such as increased length and biomass (6) . In tomato, A. brasilense Sp7 and Azospirillum sp. BNM-65 exhibited positive effects on shoot and root biomass, however, they enhanced the development of bacterial diseases (14) . Treatment with a nitrogen-fixing strain of Azospirillum lipoferum in the root zone of rice plants promoted early tillering and reproductive growth, although the total dry weight and nitrogen content of the rice plants were not markedly increased by the inoculation (18) .
There exist many kinds of bacterial endophytes inside plant tissues, although their functions and mechanisms of symbiosis are not well understood (15) . Some endophytic bacteria possess nitrogen-fixing activity, although the importance of this to host plants remains to be clarified. Plant growth-promoting effects have been characterized for two plant-bacterial endophyte combinations; Azoarcus sp. in rice and Gluconacetobacter diazotrophicus in sugar cane (9, 16) . Azospirillum species were also isolated from surface-sterilized stems of field-grown rice plants (4, 11, 15) . The endophytic colonization of rice by Azospirillum sp. strain B510 induced resistance against rice blast disease, however, the influence of the colonization on plant growth has not been elucidated (19) . Thus, we examined the effect of Azosprillum sp. strain B510 on the growth of rice plants cultivated in a greenhouse and in the field. Here we show evidence for plant growth-promoting effects of the strain on rice.
The greenhouse experiment was performed as follows. Rice plants (Oryza sativa cv. Nipponbare, Koshihikari, or Kasalath) were grown in potting soil (Kureha, Tokyo, Japan) in a plastic pot (2.5 cm×2.5 cm×4 cm) (5 plants pot −1 ) at 25°C during the day and 19°C during the night under a natural photoperiod in a greenhouse. Azospirillum sp. strain B510 was cultured in nutrient broth (Eiken Chemical, Tokyo, Japan) at 28°C for 30 h. The bacterial cells were harvested by centrifugation (3,000×g, 15 min, 4°C), followed by two washes with 10 mM MgCl 2 . The bacterial pellet was resuspended in 10 mM MgCl2 (1×10 9 CFU mL −1 ). Rice plants (3-leaf stage) of similar size were selected and treated with the bacterial suspension (1 mL pot −1 ). Control plants were treated with 10 mM MgCl2 (1 mL pot −1 ). Each experiment was performed with 10 pots. The growth rate of leaves was evaluated by measuring leaf lengths every week.
Endophytic colonization of the lowermost internode of the rice stem with Azospirillum sp. strain B510 was evaluated by nested PCR amplification of a strain B510-specific gene. Total DNA was isolated from Azospirillum-inoculated and uninoculated rice plants (5 plants each), and used as a PCR template in the primary reaction. Primers used in the primary reaction were 5'-TTGAGGGTCCGGCATCAG-3' and 5'-TCAGGAAGTCCGTATGGCGTT-3', and those in the sec-ondary reaction were 5'-CGTCCCTCGACACCAGCAC-3' and 5'-GTCGCCTTGTGGGCTTGC-3', designed from the sequence of the 16S-23S internal transcribed spacer (ITS) region of strain B510 (Accession No. AP010947) (10) . PCRs were run in 25-µL volumes containing 10 µL (primary reaction) or 2 µL (secondary reaction) of template, 2 pmol primers, 1.5 mM magnesium chloride, 200 µM dNTPs, and 0.1 U of Taq DNA polymerase (Takara Bio, Otsu, Japan). The PCR cycles for the primary reaction was 40 cycles of 94°C for 30 s, 66°C for 20 s, and 72°C for 14 s. That for the secondary reaction was 40 cycles of 94°C for 10 s, 69°C for 10 s, and 72°C for 9 s. The nested PCR generated a 298-bp fragment from Azospirillum sp. strain B510 that was detected by 0.8% agarose-gel electrophoresis.
Field experiments were conducted using a commercial japonica cultivar, Nanatsuboshi, in Bibai, Hokkaido, Japan (E 141°51', N 43°20'), in 2008. The field soil was high-moor peat, pH 5.8. The ground was fertilized with N, P2O5 and K2O at 21, 97 and 21 kg ha −1 , respectively. Additionally, side dressings of N, P 2 O 5 and K 2 O at 50, 30 and 33 kg ha −1 , respectively, were applied. The cultivation area of strain B510-inoculated plants was 2.64 m×58 m plot and uninoculated control plants were cultivated nearby in the same field. Seeds of O. sativa cv. Nanatsuboshi were sown in seedling trays (448 hills tray −1 , each hill containing 3 or 4 seedlings) on April 20. The seedlings were raised for 34 days, and maintained in a greenhouse at 20 to 23°C during the day and at 10 to 12°C during the night under a natural photoperiod. Rice seedlings in seedling trays were inoculated with a strain B510 suspension (1×10 8 CFU mL −1 ) by soil-drenching (500 mL tray −1 ) 28 days after sowing (May 18), and transplanted for cultivation in paddy fields 34 days after sowing (May 24, at 4.5 leaf stage). Control plants were treated with water. The planting density was 26.1 hills (m) −2 (33 cm×11.6 cm spacing) with 3.5 plants hill −1 . Tiller number and height were measured 25, 37, and 100 days after transplant (DAT). Plants were harvested 105 DAT (September 6), and subjected to measurements of panicle number, seed number, and seed weight. At 30 DAT, colonization with an inoculant, Azospirillum sp. strain B510, was analyzed by nested PCR in the same way as for seedlings (5 plants each for B510-inoculated and uninoculated).
In the greenhouse experiment, growth rates of the 3rd and 4th leaves were not significantly different between Azospirillum-uninoculated and inoculated rice plants (Fig. 1) . On the other hand, the growth of the 5th leaves was significantly promoted 3-5 weeks after inoculation (Fig. 1) , which was confirmed by 8 independent experiments. When rice plants were treated with Azospirillum at the 4-leaf stage, the growth of the 6th leaves was promoted but no effect was observed on the 4th and 5th leaves (data not shown). On the other hand, plant height did not differ between Azospirillum-treated plants and uninoculated control plants. Endophytic colonization under the experimental conditions was confirmed by reisolation of the bacterium from the plants 4 weeks after the treatment followed by a PCR analysis (Fig. 2) . The results indicated that the colonization by Azospirillum sp. strain B510 had a positive effect to promote the growth of host rice plants, particularly that of leaves newly generated after initiation of the plant-endophyte interaction. The growth-promoting activity of strain B510 was also examined in a japonica cultivar, Koshihikari, and an indica cultivar, Kasarath. Growth of the 5th leaves was promoted in these cultivars as well as in Nipponbare ( Table  1) , suggesting that this effect of strain B510 is likely independent of the type of rice cultivar.
Since the promotion of plant growth by strain B510 was confirmed, the effects of the colonization on plant biomass were investigated. Measurements at 6 weeks after the Azospirillum treatment indicated that the aboveground biomass of the colonized plants was 6-12% larger than that of control plants in the three cultivars tested (Table 1) . Thus, the colonization with strain B510 increased not only plant size but also plant weight, probably due to the activation of cellular metabolism rather than cell expansion.
To know whether the rice plants are influenced by endo- phytic colonization for a longer period up until seed production, we examined the effects of strain B510 on plant growth in paddy fields. The growth of Azospirillum-treated plants and un-treated controls was investigated at the tillering stage (25 DAT), panicle formation stage (37 DAT), and ripening stage (100 DAT). The Azospirillum-treated plants were slightly higer than the controls only at 100 DAT ( Table 2 ). The increase in tiller (stem) numbers of Azospirillum-treated plants was clearly faster than that of un-treated plants, starting from 37 DAT and becoming unambiguous by 100 DAT (Table 2) . Endophytic colonization was confirmed by reisolation from the plant body followed by a PCR analysis at 30 DAT (Fig. 2) . Thus the growth-promoting effect of Azospirillum was also observed in rice cultivated in paddy fields: it lasted for more than 3 months and was effective in the horizontal direction, producing increased numbers of stems and panicles, rather than vertical direction.
To reveal the effect of inoculation on panicle formation, the number of panicles was measured at the ripening stage. Azospirillum significantly increased panicle numbers, but had no influence on the number of seeds in a panicle or seed weight (Table 3 , Fig. S1 ). Seed production in Azospirilluminoculated plants was increased 17% (Table 3) . These results strongly indicated that the inoculation of Azospirillum sp. strain B510 has a positive effect on rice seed yields. The actual yield of inoculated plants was lower than the calculated yield, presumably due to the existence of unripened seeds and losses at harvesting. As shown here, the plant growth-promoting effect of Azospirillum-colonization was confirmed in laboratory scale tests in a greenhouse as well as in practical tests in paddy fields. The increased tiller numbers in the field test and the enhanced growth of newly generated leaves in the greenhouse indicate that the inoculation accelerates tillering. This is also shown by the increased biomass in the greenhouse test (Table 1) . Increased seed production by the Azospirillum-colonization was confirmed by repeated tests conducted for 3 years using several rice cultivars (data not shown). Because the number of seeds per panicle and seed weight were not influenced by the colonization, the number of panicles must increase the yield in the colonized plants (Table 3) . Panicles, each produced by a tiller, should be generated during the panicle formation stage, in the early summer in Japan, to produce mature seeds. In contrast to such productive tillers, the tillers generated after the panicle formation stage (37 DAT) are non-productive tillers that could not produce mature panicles and seeds. This may be one of the reasons for the difference between the actual and calculated yields.
In conclusion, colonization with Azospirillum sp. strain B510 has a growth-promoting effect on host rice plant, especially on horizontal growth, leading to increased numbers of productive tillers in the early stage and resulting in increased seed production through increased numbers of panicles. Extensive studies have been conducted to characterize the plant growth-promoting effects of PGPRs including Azospirillum species (3, 5-7, 14, 17) , with reports that some of these bacteria produced plant hormones, such as IAA (13), cytokinines (2, 8) and gibberellins (1) . At present, it is not known whether strain B510 produces plant hormones inside the host to promote its growth, although it may have this ability (1, 2, 8, 14) . To our knowledge, as endophytic bacteria, only Azoarcus in rice and Gluconacetobacter in sugar cane have been reported to promote the growth of plants in pots under greenhouse conditions. Thus, the growth-promoting effect of an Azospirillum species is a new discovery. Furthermore, this is the first report of the effects of endophytic colonization by a bacterium on plant growth and yield.
